Inbreeding depression is expected to play an important but complicated role in evolution.
INTRODUCTION
When populations experience inbreeding, mean fitness tends to decline and the amongline variance in mean fitness increases (DARWIN 1876, p. 442; MORTON et al. 1956; CHARLESWORTH and CHARLESWORTH 1987; BYERS and WALLER 1999) . Inbreeding increases homozygosity, causing a decline in mean fitness owing to the manifestation of recessive deleterious alleles, the reduction in frequency of heterozygotes at overdominant loci, or changes in gene interactions, such as additive-by-dominance and dominance-by-dominance epistasis (CROW and KIMURA 1970, pp. 78-80) . The among-line variance also increases owing to the segregation among lines of these genetic factors as well as the additive and additive-by-additive epistatic genetic variances (COCKERHAM and WEIR 1968; GOODNIGHT 1988) .
Inbreeding depression ( )
ID is believed to play an important but complicated role in the evolution of mating systems (e.g., HOLSINGER 1988; UYENOYAMA et al. 1993) . For example, in the evolution of selfing and outcrossing in plants, inbreeding initially selects against selfing lineages by lowering mean fitness. However, if the genes responsible for ID are purged by selection from within or among some lineages, then the selective advantages of selfing may come to outweigh its initial disadvantages. The purging process is complicated because inbreeding has effects not only on mean fitness but also on the within-deme genetic variances and covariances of fitness traits. Thus, purging of ID depends upon the within and among-line genetic variances.
Variation in ID ( )
2 ID σ has been measured as part of studies investigating the relationship between ID and mating system (e.g., KALISZ 1989; AGREN and SCHEMSKE 1993; MUTIKAINEN and DELPH 1998; TAKEBAYASHI and DELPH 2000; reviewed in BYERS and WALLER 1999) and between ID and the short-term dynamics of purging (PRAY and GOODNIGHT 1995; FOWLER and WHITLOCK 1999) . In these latter studies, ID is considered a heritable trait and 2 ID σ is assumed to represent an opportunity for selection to act upon and reduce inbreeding load. The problem with this perspective is that inbreeding complicates the concept of heritability by changing the nature of the regression of parents on offspring. Indeed, FALCONER (1985, p. 337) states that the concept of breeding value, from which narrow sense heritability is measured, has "no useful meaning when mating is nonrandom." Although the change in the parent-offspring regression can be predicted for particular cases (e.g., for selfing see WRIGHT and COCKERHAM 1986) , the variance components affecting selective response in inbred populations are different from those contributing to 2 ID σ .
The response to selection with inbreeding has been addressed by a large body of theory describing trait variation among-lines with inbreeding, or the within-line covariance among traits with inbreeding (e.g.,COCKERHAM 1971; CORNELIUS and DUDLEY 1976; COCKERHAM 1983; COCKERHAM and WEIR 1983; COCKERHAM and WEIR 1984; COCKERHAM and MATZINGER 1985; WRIGHT and COCKERHAM 1986; CORNELIUS 1988) . KELLY (2004) noted that ID V includes several within-family covariances, e.g., the covariances between outbred relatives, between outbred and inbred relatives, and between inbred relatives. However, only the covariance between inbred relatives contributes to the among-line variance in the inbred phenotype. This distinction arises because ID is a group-level phenotype, defined as a difference between inbred and outbred mean phenotypes. The ID of an individual's progeny depends upon its own genotype as well as that of its mates. As a result, selection among individuals in an inbreeding population may not have a commensurate effect on ID . Differently put, trait evolution with inbreeding is different from the evolution of inbreeding depression. 
MATERIALS AND METHODS

The Linear Model
Consider N independent lines, each containing one sire crossed to f M related females and 
Since we are interested in the variation in the differential effects of inbreeding across breeding ). This is reflected in our definition for variation in inbreeding depression effects with selfing
The terms ( ) 
Adjuster Estimator for the Variance of Inbreeding Depression Effects
The variation inbreeding depression may be estimated by taking, for each sire, the mean outbred phenotype and subtracting the mean inbred phenotype. From these differences, we find the total variation in inbreeding depression across sires. This will overestimate the variation in inbreeding depression effects because there will be contributions from dam and individual (error) 
The variance in inbreeding depression effects with dam effect variance has been measured in some experiments that do not replicate at the level of the dam (e.g., PRAY and GOODNIGHT 1995) . This parameter contains variance components not relevant to a response to selection. We remove these components by running two separate analyses of variances (ANOVAs) on the outbred and inbred individuals. Each is a two-factor ANOVA with random dam effects nested within random sire effects. This is different from previous approaches (JOHNSTON and SCHOEN 1994; PRAY and GOODNIGHT 1995) in which inbreeding level has been treated as a fixed effect.
This alteration is desirable as KELLY (2004) 
RESULTS
Interpretation of Variance
Interpretations of the parameters in Equations 4 are given in terms of genetic components described in D are often the predominant contributors to the variance in inbreeding depression. In Table 4 , we summarize the results for the first three generations of inbreeding and for inbreeding to complete homozygosity.
This illustrates the rate with which the various components of variance change their contributions to 2 IDE σ with selfing relative to sib-mating.
Expected magnitude of the variation in inbreeding depression effects at mutationselection balance
If genetic variation is maintained by mutation-selection balance, then the vector D . This follows from Table 2 , last column, where we see that these components are roughly proportional to the frequency of the rare allele. In contrast, the remaining two components,
proportional to the square of that frequency and can be ignored. When genetic variation is maintained by the balance between mutation and purifying selection, we expect that 1 2 p p << when the effects of allele 1 are dominant to the effects of allele 2 (CHARLESWORTH and CHARLESWORTH 1987) . In order to predict 2 IDE σ , we assume a per-locus mutation rate (µ), selective effect (s), and average degree of dominance (h). Below, we express results for the various variance components in terms of additive genetic equivalents, i.e., in multiples of 2 A σ that segregates in a random-mated population. 
Complete dominance ( )
Thus, with complete dominance we expect enormous variation in inbreeding depression effects relative to 2 A σ ; nearly all generated by non-additive genetic variation.
Partial Dominance: Following the arguments above, we can approximate the value of variance components for partial dominance with rare alleles:
With one generation of inbreeding, following Equation 7 and 
Using variation in inbreeding depression to estimate genetic variance components
By contrasting the covariances between different sorts of relatives with selfing and sibmating, it is possible to estimate the genetic parameters that contribute to variation in inbreeding populations (CORNELIUS and DUDLEY 1975, 1976; WRIGHT and COCKERHAM 1986) . The inbreeding depression design illustrated in Figure 1 provides us with a convenient collection of half-sib covariances with which to perform such an analysis. For sib-mating, we can describe the covariances between four kinds of half-sib relatives (outbred-outbred or
, and inbred-inbred half-sibs, 
Given our results above, we can quantify the bias of this estimate for any case of regular inbreeding for the typical experimental study of inbreeding depression in plants conducted without replication of unrelated dams and with a single generation of selfing. In this case, additive genetic variance, dominance variance, and the covariance between additive and homozygous dominance deviations contribute towards the bias in ratio estimates of mean
The estimate of variance in relative inbreeding depression is also biased. Following LYNCH and WALSH (1998, p.818) , mean inbreeding depression changes the way the variance is calculated:
By expanding the numerator, we see that changes in population means with inbreeding affect the relative weightings of genetic variance components.
Because the weights of variance and covariance components on the right hand side of Equation
11b
, it is not likely that the variation in proportional inbreeding depression will closely resemble the variance of absolute inbreeding depression. Again, we reconsider the case of unreplicated dams and a single generation of selfing. From Table 4 , we know that variation in inbreeding depression taken on the absolute scale is independent of population means ( 
On the relative scale, however, variation in inbreeding depression is confounded by population mean phenotypes (Equation 11b), specifically Although inbreeding depression is often thought of as a trait, it is useful to consider it to be a genetic effect, such as a sire effect. Genetic variation will generate a normal distribution of inbreeding depression effects, just as it will for any effect with a genetic basis and this distribution will have both a mean and a variance. Genetic models that translate the first moment of this distribution (mean inbreeding depression) into mean genetic effects (e.g., additive effects, dominance effects, etc.) have existed for the last half-century (MORTON et al 1956; CROW and KIMURA 1970; LYNCH 1991) . These models are useful for understanding extant patterns of trait values, such assessing the relative dominance (or epistatic) contributions towards some trait mean, but, because they do not inform us as to the relationship between of genetic variation and inbreeding depression, they are not adequate for predicting response to selection (such as the mitigation of mean inbreeding depression by purging). In contrast, theory that explicitly links genetic variation to selection with inbreeding is well-developed (CORNELIUS and DUDLEY 1976; COCKERHAM and MATZINGER 1985; WRIGHT and COCKERHAM 1986) . The deficiency in current inbreeding theory is that the observable variation in inbreeding depression and the selectively relevant variation in genetic effects have not been reconciled. In other words, measurements of the variance in inbreeding depression have no quantitatively predictive value in regard to the response to selection with inbreeding. Our ANOVA-based approach for inferring the genetic architecture of inbreeding depression from variation in inbreeding depression, bridges the empirically measurable and the theoretically useful.
Sib-Mating
The vector r describes the relationship between the most recent common ancestral pair of all related inbred individuals of generation g (designated by asterisks in Figure 1 ) in terms of Jacquard coefficients (Table A1 ). Note that all related outbred progeny are related to these grand-parents through their common sire. . All identity vectors for generation n can be derived by taking the product of r and the probability transition matrix A specific to the type of relationship (given in Table A2 ).
Once we have the identity vectors for all sibling and individuals in generation n (the various v vectors), we may translate them into variance components. For any v describing relatives i and j, the genetic covariance between them is (HARRIS 1964; COCKERHAM 1971; JACQUARD 1975) where We find sire, dam, and error effects variances for outbred and inbred cases by using combinations of these sibling and individual covariances. The sire effect variances are simply the half-sib covariances within outbred and inbred treatments. The covariance between outbred and inbred sire effects is the covariance between outbred and inbred half-sibs. The variation in inbreeding depression effects is a sum of these. Following from Equations 3a and A2,
Dam effect variances are the differences between full-sib and half-sib covariances. Outbred and inbred dam effect variances are
Error variance (the within full-sib family variation) is found by subtracting the full-sib covariance from the covariance of individuals with themselves. For outbred and inbred cases, these are
All effect variances and covariances are simplified and summarized in Table 3 .
Selfing
Finding inbreeding depression, sire, dam, and error effect variances is simpler with selfing than with sib-mating. In this case, the vector r describes the identity shared within the hermaphrodite at generation g-1 that sires both selfed and outcrossed individuals (the individual in FIGURE 1 with two asterisks). This vector has zero probabilities for all identity states except 1 ∆ and 7 ∆ .
As with sib-mating, we use this vector to generate identity vectors for all relationships within and between individuals of generation g. Because there is only one inbred family per sire, there are no inbred half-sibs. Consequently, we cannot decouple inbred sire and inbred dam effect variance. As indicated in Equation 3b, both terms are included in our definition of the variation in inbreeding depression effects. All identity vectors for generation g can be derived by taking the product of the vector r and the probability transition matrix A specific to the type of relationship and given in Table A3 . We find resemblances between relatives (and within individuals) by using Equation A2 and find effect variances by taking sums and differences of these resemblances (as for sib-mating). Effect variances for selfing are simplified and summarized in Table 3 . One important difference noted above is that the inbreeding depression effect variance now includes the inbred dam effect variance. For this reason, we use the covariance between inbred full-sibs rather than inbred half-sibs: (Table 1) between the most recent ancestors through which inbred individuals may be made identical by descent (Figure 1 ). The vector is r given by Equations A1 for sib-mating and A4 for selfing. F is the probability of identity by descent of inbred individuals and can be obtained by r and Equation A2. Sire effects variances and covariance are not given separately in this Table (although they may be derived using Equation A2). Instead, they are pooled into a single matrix to Combinations of half-sib covariances (columns A, B, and C) after one generation of sibmating can be used to estimate genetic parameters. Covariance A is the resemblance between outbred half-sibs, B is that between outbred and inbred half-sibs, and C is that between inbred half-sibs. The three dominance parameters are not separable by this design (last column).
TABLE A1
Jacquard's condensed identity coefficients Jacquard coefficient Probability that for individuals i and j Each 9x9 matrix corresponds to the probability transition matrix (in terms of the nine identity coefficients, Table A1) 
